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Abstract
Composite Higgs models are an intriguing scenario in which the Higgs particle is identified as a
pseudo Nambu-Goldstone boson associated with spontaneous breaking of some global symmetry
above the electroweak scale. They would predict new resonances at high energy scales, some of
which can appear at multi-TeV scales. In such a case, analogies with pion physics in QCD that a
sizable phase shift is predicted in pion-pion scattering processes might help us to evaluate scales
of the resonances. In this paper, we discuss two complementary approaches to investigate the
compositeness scale in minimal composite Higgs models. First, we discuss the bound on vector
boson scattering from perturbative unitarity, and we evaluate the phase shift of the scattering
amplitude, assuming that the same fitting function can be applied as the case in the pion physics.
We then obtain the relation between possible phase shifts and promising new resonance scales. We
also investigate the possibility to measure the phase shift at LHC and the future hadron colliders.
Second, we classify deviations in Higgs coupling constants from the standard model predictions in
various kinds of the minimal composite Higgs models. We then discuss a possibility to discriminate
a specific minimal composite Higgs model from the other models with extended Higgs sectors by
utilizing deviation patterns in the Higgs boson couplings by future precision measurements.
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I. INTRODUCTION
It is a crucial question whether the essence of the Higgs boson in the standard model
(SM) is an elementary particle or a composite state. The answer of this question gives a
deeper insight to the fundamental theory of particle physics beyond the SM. As a candidate
of a new paradigm, supersymmetry has been extensively studied, where Higgs bosons are
elementary scalar particles. So far, however, no supersymmetric particle has been found by
experiments, and low-energy supersymmetric standard models are now being in trouble. As
an alternative, the Higgs boson can be a composite state, which is made of more fundamental
fields by a certain strong dynamics. The prototype of such a composite scenario is the
technicolor model. However, it has turned out to be challenging to construct a consistent
model of the technicolor with the current experimental data. After the discovery of the
Higgs boson, particle physics enters a new era, where the essence of the Higgs boson can be
explored directly by the measurement of Higgs boson properties.
Recently, composite scenarios again attract a lot of attention. In particular, the model
originally proposed by Georgi and Kaplan [1–5] is revisited as a realistic candidate of new
physics beyond the SM. In this model, the Higgs boson is a pseudo Nambu-Goldstone boson
(pNGB) associated with spontaneous breakdown of a global symmetry. The Higgs boson
mass is generated at the one-loop level due to the quantum effect of gauge bosons and
fermions after the shift symmetry is explicitly broken by the SU(2)L × U(1)Y gauge sym-
metry. Consequently, the mass 125 GeV could be naturally explained in this scenario. The
number of the NGB, n, is given by that of the broken generators, n = dim(G/H), where
the global symmetry G is spontaneously broken down to the subgroup H at a higher scale
f than the vacuum expectation value (VEV) of the Higgs field v.
In the minimal setup of the composite Higgs model, the global symmetry is SO(5) ×
U(1)X , in which SO(5) is spontaneously broken into SO(4) by any dynamics at the scale
f [6]. Models in this class are called the minimal composite Higgs models (MCHMs). In
these models, four NGBs appear, which correspond to the four component fields in the Higgs
doublet of the SM. A choice of the other symmetries with larger dim(G/H) can predict an
extended Higgs sector in the low energy effective theory [7].
We already know the existence of such pNGBs in Nature, which are the pions with
spontaneous breakdown of the chiral symmetry. The pions have masses corresponding to
2
the explicit breakdown of the chiral symmetry. The pion physics, the effective theory of
QCD, has been well established as the chiral perturbation theory (see, e.g., [8–10] and
references therein), which is a cutoff theory below the scale 4pifpi with fpi being the pion
decay constant. It is known that perturbative unitarity is violated in pion-pion scatterings
above the cutoff in the effective theory. However, above the mass of the rho meson, the
unitarity is rescued by the contribution of the diagram of the rho meson mediation. In this
case, a sizable phase shift would be induced in partial wave amplitudes of the pion-pion
scatterings around the rho meson mass [11, 12].
In the MCHMs, from the analogy with the pion physics, we expect that there should
be vector resonances in the scatterings of pNGBs; i.e., those of the Higgs boson and the
longitudinally polarized weak gauge bosons. In this paper, based on this hypothesis, we
discuss to test MCHMs at future collider experiments. In particular, we try to give answers
to the following two interrelated questions:
(i) How can we probe the scale of new resonance at future collider experiments?
(ii) How can we distinguish the MCHMs from the future precision measurements of the
Higgs boson coupling constants?
A promising approach to the first question is to directly search a new resonance in scattering
channels of weak gauge bosons and Higgs bosons. For example, the WZ resonant channel is
searched at LHC [13, 14], which has given an exclusion limit on the resonance scale up to 1.5
TeV. The limit will be improved in near future at the LHC Run II with the collision energy
13-14 TeV. The direct detection of the new resonance with a broad width will give a strong
evidence of composite Higgs scenarios. Even if a clear resonance cannot be observed, the
information of the resonance scale would be indirectly obtained by measuring the phase shift
of the scattering amplitudes as indicated in Ref. [15]. In this paper, we discuss the possibility
of extracting the resonance scale by measuring the phase shift in the scattering amplitude
along with the method in Ref. [15] in the MCHMs. In the MCHMs, in addition to the physics
of the resonance in gauge boson scatterings, the coupling constants of the discovered 125
GeV Higgs boson in general deviate from the SM predictions as the consequence of physics
of compositeness. Thus, we can fingerprint MCHMs by detecting a pattern of deviation in
Higgs boson couplings via precision measurements at future collider experiments such as the
International Linear Collider (ILC). To this end, in this paper, we investigate deviations in a
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set of the Higgs boson couplings in various MCHMs. We therefore perform a complementary
study in order to identify a specific model of MCHMs at future experiments.
In section II, we give a brief review of the matter independent part of MCHMs. In section
III, we discuss perturbative unitarity in the MCHM. The unitarity violation in the vector
boson scattering amplitudes may indicate a new resonant state, where a sizable phase shift
can be predicted similarly to the pion-pion scatterings. We study the possibility to observe
the phase shift in the WZ production process at future hadron colliders such as the LHC Run
II, high luminosity LHC with 3000 fb−1 and also far future higher energy hadron colliders
with the energy of 100 TeV, et cetera [16]. In section IV, we discuss a method to discriminate
the MCHMs by utilizing deviation patterns of the Higgs boson coupling constants. We give
a comprehensive list of deviations of Higgs boson couplings, which are to be checked by the
precision measurements at future e+e− collider experiments such as the ILC [17, 18], the
Compact Linear Collider (CLIC) [19] and Future Circular Colliders (FCCs) [20]. In section
V, we discuss the complementarity of these two approaches, and also we discuss the prospect
for discriminating MCHMs from the other new physics models with extended Higgs sectors
by fingerprinting patterns of deviations in the Higgs boson couplings. The conclusions are
given in section VI. The kinematics used in section III is given in Appendix A, and the
definition of the variations of the MCHMs is given in Appendix B.
II. MINIMAL COMPOSITE HIGGS MODELS
We give a short review of the MCHMs [7, 21] for the completeness and make our notation
clear. The Nambu-Goldstone bosons (NGBs) of SO(5) × U(1)X → SO(4) × U(1)X are
parametrised as
Σ = Σ0e
Π/f , Σ0 = (0, 0, 0, 0, 1) , Π = −iT aˆhaˆ
√
2 , (1)
where f is a scale parameter analogous to fpi in QCD and h
aˆ(aˆ = 1-4) denote the NGBs
which correspond to the broken generators T aˆ. We rewrite Σ as
Σ =
sin(h/f)
h
(h1, h2, h3, h4, h cot(h/f)), (2)
where h =
√
haˆhaˆ. It should be noted that SO(4) (' SU(2)L×SU(2)R) contains a custodial
symmetry. We take the third component h3 as the physical Higgs field.
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We consider that a portion of SO(5)×U(1)X is gauged, which corresponds to SU(2)L×
U(1)Y in SO(4) × U(1)X . The hypercharge Y is given by the linear combination of a part
of SU(2)R and U(1)X : Y = T
3
R + X with T
3
R and X being the eigenvalue of SU(2)R and
the charge of U(1)X , respectively. Consequently, the global symmetry is explicitly broken
by the gauge coupling, so that the NGBs become pNGBs.
The relevant part of the SO(5)× U(1)X invariant effective Lagrangian is given by
L = 1
2
Pµν
[
ΠX0 (p)X
µXν + Π0(p)Tr[A
µAν ] + Π1(p)ΣA
µAνΣT
]
+ Lmatter , (3)
where Aµ (= T
aAaµ +T
aˆAaˆµ) are the SO(5) gauge fields with T
a being generators of SO(4)1,
Xµ is the U(1)X gauge field, Π’s are the form factors, and Pµν = ηµν − pµpν/p2. The
interaction terms between Σ and the matter fermions, which are denoted by Lmatter in the
above equation, depend on how to embed the SM matter fermions to SO(5) representations.
It provides us variety of the MCHMs. We shall classify the MCHMs according to matter
representations in section IV. The SU(2)L×U(1)Y invariant Lagrangian for the gauge sector
is written in terms of the Higgs field h as
Lgaugeeff =
1
2
P µν
[(
ΠX0 (p) + Π0(p) +
sin2(h/f)
4
Π1(p)
)
BµBν
+
(
ΠX0 (p) +
sin2(h/f)
4
Π1(p)
)
W aLµ W
aL
ν
+ 2 sin2(h/f)Π1(p)Hˆ
†T aLY HˆW aLµ Bν
]
, (4)
where W aLµ and Bµ are the SU(2)L and U(1)Y gauge fields, respectively, and the generators
of SU(2)L, {T aL}, are a partial set of {T a}. Here, Hˆ can be expressed as
Hˆ =
1
h
h1 − ih2
h3 − ih4
 . (5)
The Higgs potential in the effective SU(2)L × U(1)Y gauge theory is generated at the
one-loop level as
Veff = V
gauge
eff + V
fermion
eff , (6)
1 In fact, the symmetry SO(5) × U(1)X is a global symmetry and only the SU(2)L × U(1)Y part of
the symmetry is gauged. However, usually a trick is used such that a full SO(5) × U(1)X symmetry is
assumed to be gauged, in order to write the Lagrangian in simple SO(5) × U(1)X invariant form. Only
the SU(2)L × U(1)Y part of the SO(5) × U(1)X gauge fields are physical gauge fields and the rest are
fake. Similar trick is used in the matter sector.
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where V gaugeeff denotes the contributions from the SU(2)L gauge boson loops and V
fermion
eff
denotes those from the SM matter fermion loops. The contribution of the gauge boson loop
is calculated as
V gaugeeff =
9
2
∫
d4p
(2pi)4
ln
(
Π0(p) +
1
4
Π1(p) sin
2(h/f)
)
. (7)
If V fermioneff is switched off, SU(2)L × U(1)Y is conserved at the minimum of the potential.
Therefore, V fermioneff , which depends on the matter sector of the MCHMs, Lmattereff , plays an
important role in building a realistic model.
The gauge symmetry SU(2)L × U(1)Y is then broken by the Coleman-Weinberg mecha-
nism due to quantum effects of the gauge fields and also matter fields [22]. The electroweak
symmetry breaking vacuum corresponds to
〈Σ〉 =
(
0, 0,
√
ξ, 0,
√
1− ξ
)
, (8)
where the compositeness parameter ξ is defined by
√
ξ = sin(〈h〉/f).
By expanding h around the VEV as h→ 〈h〉+ hˆ, the effective Lagrangian given in Eq. (4)
leads to the interaction terms between the Higgs boson hˆ and the weak bosons as
Lgaugeeff =
g2v2
4
W+µ W
−µ +
g2v
2
√
1− ξhˆW+µ W−µ +
g2(1− 2ξ)
4
hˆ2W+µ W
−µ
+
g2Zv
2
4
ZµZ
µ +
g2Zv
2
√
1− ξhˆZµZµ + g
2
Z(1− 2ξ)
4
hˆ2ZµZ
µ , (9)
where g2Z = g
2 + g′2 and v = f
√
ξ (= 246 GeV). The couplings between the Higgs boson
and the gauge bosons are determined only by the breaking pattern of the symmetry as
SO(5) × U(1)X → SO(4) × U(1)X , and one can find that the Higgs couplings to the weak
bosons deviate from the SM predictions as ghV V = g
SM
hV V
√
1− ξ, which are independent of
the matter sector. The size of the compositeness parameter ξ is constrained by the LEP
precision data. As shown in Ref. [23], ξ > 0.2 has been excluded in the 99% confidence level
in the typical case of the MCHM2.
2 Of course, the limit from the precision data depends on the matter sector, but here we omit the matter
dependence which might make the limit weaker or stronger.
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III. NEW RESONANCE SCALE AND SIZABLE PHASE FROM PERTURBA-
TIVE UNITARITY
In the MCHMs, as shown in section II, the Higgs boson couplings with the weak gauge
bosons deviate from the SM predictions; i.e., ghV V = g
SM
hV V
√
1− ξ and ghhV V = gSMhhV V (1 −
2ξ). Intriguingly, the deviations break perturbative unitarity of elastic scatterings of the
longitudinal component of weak gauge bosons, WL, at high energies. The unitarity argument
gives the bound on partial wave amplitudes al in the channel of the angular momentum l:
Re[al]
2 +
(
Im[al]− 1
2
)2
=
(
1
2
)2
, (10)
which gives a circle of the radius 1/2 with the center at (0, 1/2) in the complex-plane of
al, and thus the real part of the amplitude can not exceed 1/2. Let us consider the s-wave
amplitude for the elastic scattering of WL,
a0 =
GF ξS
16
√
2pi
+
GF (m
2
h −M2W )(1− ξ)
4
√
2pi
(
√
S  mh), (11)
where
√
S is the center-of-mass energy of the scattering. The unitarity bound is given by
|a0| ≤ 12 . In MCHMs, perturbative unitarity is violated by the non-vanishing compositeness
parameter ξ. In Fig. 1, the unitarity bound is shown on the
√
S–ξ plane, where perturbative
unitarity is violated in the region beyond the solid curve. This limit tells us that the
amplitude increases in proportion to S due to the non-vanishing ξ, and goes over the unitarity
bound above some scales.
It is of importance to explore the validity of the SM at high energies from the argument
of unitarity in scattering amplitudes of longitudinally polarized weak gauge bosons [23]. If
we observe that the tail of the WLWL scattering cross section becomes larger than the SM
prediction at high energies, there can be the following two possibilities: (i) the dynamics of
electroweak symmetry breaking becomes a strongly coupled theory at high energies where
perturbation calculation cannot be applied. (ii) appearance of a new resonance with a broad
width at a little bit above the scale, which saves unitarity above the resonance3. In the case
of the second possibility, we may be able to extract the information of the resonance by
3 In the weakly coupled theory with UV completion, a resonance of new particles has a sharp peak with a
narrow width. This case may be a similar situation to the Fermi theory where the cutoff scale is the W
boson mass.
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FIG. 1: The unitarity bound as a function of ξ and
√
S given in Eq.(11). The region above the
solid curve forbidden by violating perturbative unitarity.
measuring the phase shift of the scattering amplitude. The case (ii) corresponds to an
analogy of the rho meson in a viewpoint of the effective theory of the pion.
In the rest of this section, we focus on the second case (ii), and discuss the energy scale
of a new resonance from the phase shift of the scattering amplitude. Due to the imaginary
part of the scattering amplitude, a sizable phase shift appears in scattering processes as
discussed in Refs. [11, 15, 24, 25]. In general, the profile of the phase shift is unknown for
the WLWL scattering. On the other hand, for the pion-pion elastic scattering, as shown in
Ref. [15], it is fitted by
δ =

tan−1
[
Γ
m
S
m2 + Γ2 − S
]
for
√
S <
√
m2 + Γ2,
tan−1
[
Γ
m
S
m2 + Γ2 − S
]
+ pi for
√
S ≥
√
m2 + Γ2,
(12)
where m and Γ are the rho meson mass and its decay width, respectively. From the similarity
in physics of pNGBs between in the pion physics and in the MCHMs, in the following, we
dare to assume that the same fitting function can be applied to the WLWL scattering in the
MCHMs as in Ref. [15].
When the increasing behavior of the amplitude is supposed to be a tail of new resonance,
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the phase shift is given by the argument of the amplitude:
δ ≡ tan−1
[
Im[a0]
Re[a0]
]
= tan−1
[
1
2Re[a0]
±
√
1
4Re[a0]2
− 1
]
, (13)
where, by using Eq. (10), Im[a0] can be expressed in terms of Re[a0] which is given in Eq. (11).
It should be noted that Eq. (13) gives a typical value for δ since the amplitude a0 is located
on the unitarity circle given in Eq. (10) (not within the circle for elastic scatterings). In
other words, this condition gives a conservative limit for the allowed imaginary part of the
amplitude since the amplitude becomes maximally large on the unitarity circle.
In Fig. 2, using Eqs. (12) and (13), we can find the mass and the width of the new
resonance related to the compositeness parameter ξ. This figure shows that the mass of
the new resonance state denoted by mρ is converted from the unitarity limit for ξ. We set
that the width-to-mass ratio Γρ/mρ in the upper-left, upper-right and bottom-left panels is
taken to be 0.1, 0.2 and 0.3, respectively. Notice that the shaded regions in the figures are
always on the unitarity circle, and the energy scale
√
S is considered to be just a parameter
at this stage. As mentioned above, the non-vanishing compositeness parameter ξ leads the
unitarity into failure. However, the new resonance can recover the unitarity with a suitable
mass and width as shown in the figures. There exists the maximal value of mρ for each
ξ with δ = pi/4, which corresponds to (Re[a0], Im[a0]) = (1/2, 1/2) on the unitarity circle.
If mρ exceeds the maximal value, perturbative unitarity is no longer maintained, while the
broader Γρ indicates the higher mρ. We also show the correlation between δ and mρ in Fig. 3
which corresponds to a slice with a fixed ξ in the other three figures. In the figure, dotted,
solid and dashed curves represent the cases of ξ = 0.2, 0.1 and 0.05, respectively, and the
curves depicted by red, blue and orange respectively show the cases of Γρ/mρ(≡ x) = 0.1, 0.2
and 0.3.
Next, let us discuss the possibility to observe the phase shift at the current and future
hadron colliders. As explained above, it is basically possible to extract information of the
new resonance such as, mρ and Γρ, by measuring the phase shift. Although the phase shift
may be able to be directly extracted form the cross section measurement of WLWL scattering,
9
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FIG. 2: Three panels show new resonance scales predicted by perturbative unitarity, where a
sizable phase shift appears. We take the width-to-mass ratio as Γρ/mρ = 0.1, 0.2 and 0.3 in the
upper-left, upper-right and bottom-left panels, respectively.
it requires very high energy collider experiments [23]. As an alternative way, we consider the
full leptonic channel of ud¯ → WZ production process since the phase shift is expected to
be accessible in this process. In general, the phase shift in this process is not necessarily the
same as that in WLWL scattering process. However, as studied in Ref. [15], we assume that
the phase shifts in both scattering processes are essentially same. The phase shift δ induces
the angular correlation between the direction of the charged lepton from the decay of the
W boson and the production plane of W and Z [15, 26, 27], whose kinematics is explained
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FIG. 3: The relation between mρ and δ for fixed ξ and Γρ/mρ. Each curve corresponds to the slice
at ξ = 0.05, 0.1 or 0.2 in Fig. 2.
in Appendix A. The angular correlation can be measured by the angular distribution of the
charged lepton from the W boson in lll + /ET final states.
Here we define the production amplitude of ud¯→ WZ asMProd(Θ;λW , λZ) as a function
of λW and λZ , which are polarizations of W and Z bosons, respectively, where λW and
λZ are taken to be −1, 0 and +1. The angle Θ represents the scattering angle between
incoming u-quark and outgoing W+. Meanwhile, amplitudes of W+ → l+νl and Z → l+l−
areMW (θ1, φ1;λW ) andMZ(θ2, φ2;λZ), respectively, depending on two polar angles (θ1, θ2)
and two azimuthal angles (φ1, φ2) of the final state leptons
4. Hence the differential cross
section is proportional to 5
dσ(ud¯→ WZ → lνll) ∝
∣∣∣∣∣ ∑
λW ,λZ
MProd(Θ;λW , λZ)MW (θ1, φ1;λW )MZ(θ2, φ2;λZ)
∣∣∣∣∣
2
. (14)
When a new resonance exists, a non-vanishing phase is induced in the scattering amplitude
for WL and ZL. We then introduce the phase by MProd(Θ; 0, 0) → MProd(Θ; 0, 0)eiδ, and
we regard this δ as the phase shift which appears in WLWL scattering. Figure 4 shows the δ
4 See Appendix A.
5 In the case of e+e− →W+W−, the detailed calculation is given in Ref. [28].
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dependence of the total cross section σ(pp → WZ → lνll) in pp collisions, where the solid,
dashed and dotted curves show the case that the collision energies are 14 TeV, 30 TeV and
100 TeV, respectively. In numerical computation we utilize the parton distribution function
(PDF) of MSTW 2008lo [29]. At the point of δ = 0 (corresponding to the SM), the cross
section is given by σ(14 TeV) ∼ 0.01 pb, σ(30 TeV) ∼ 0.04 pb and σ(100 TeV) ∼ 0.1 pb.
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FIG. 4: Total cross section as a function of the phase δ. Solid, dashed and dotted curves show
the case that the center of mass energy is 14 TeV, 30 TeV and 100 TeV, respectively. At the
point of δ = 0, the cross section is given by σ(14 TeV) ∼ 0.01 pb, σ(30 TeV) ∼ 0.04 pb and
σ(100 TeV) ∼ 0.1 pb.
Since the decay amplitudes depend on the azimuthal angles asMW (θ1, φ1;λW ) ∝ eiλWφ1
and MZ(θ2, φ2;λZ) ∝ e−iλZφ2 , the squared amplitude gives interference terms between
(λW , λZ) = (0, 0) and other transversally polarized states. Thus, non-vanishing angular
correlation such as |amplitude|2 ⊃ sin(λWφ1 − λZφ2) sin δ is coherently induced for λW 6= 0
and/or λZ 6= 0. Such a correlation vanishes when δ = 0, and only appears in the case of
δ 6= 0. Therefore, the phase shift δ can be extracted by using the asymmetric behavior of the
flight direction of a charged lepton with φ1 or φ2. Hereafter we will focus on φ1 that is the
azimuthal angle of the charged lepton from the W decay. Notice that there are two kinds
of ambiguity to identify the events. One is the misidentification of u-quark direction, which
leads to (Θ, φ1, φ2)→ (pi−Θ, pi+φ1, pi+φ2). The coefficient of sinφ1 in the squared ampli-
tude approximately transforms as odd. Thus the phase space integration over 0 < cos Θ < 1
(or −1 < cos Θ < 0), which picks up a contribution of one colliding direction of u-quark,
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gives a robust result. Another issue is the missing energy of the neutrino, which makes φ1
obscure. The asymmetry between the differential cross sections integrated over 0 < φ1 < pi
and pi < φ1 < 2pi is defined by
A± ≡ |σ+ − σ−|
σ+ + σ−
, σ± ≡ σ(sinφ1 ≷ 0), (15)
where the cross section is given by integrating over 0 < cos Θ < 1. This asymmetry is not
affected by the direction of outgoing neutrino, and can be a viable quantity in the present
case. Numerically, the asymmetry is evaluated as shown in Fig. 5 as a function of δ for
collision energies of 14 TeV, 30 TeV and 100 TeV.
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FIG. 5: The asymmetry A± as a function of δ, where solid, dashed and dotted curves correspond
to the case of the collision energy 14 TeV, 30 TeV and 100 TeV, respectively.
The asymmetry already appears at the parton level, which is defined by
Aˆ± ≡ |σˆ+ − σˆ−|
σˆ+ + σˆ−
, σˆ± ≡ σˆ(sinφ1 ≷ 0), (16)
where σˆ± are parton-level cross sections. The parton-level asymmetry depends on the center-
of-mass energy of partons
√
sˆ. In Fig. 6, we show the parton-level asymmetry as a function
of
√
sˆ for δ = 0.1, 0.2, 0.3, pi/4 and pi/2. The red dots in the figure represent the points at
which the asymmetry becomes maximally large for each δ. A larger phase pushes down the
maximal point into a lower energy. After the convolution with the PDF, it can be seen that
the maximal point appears around lower energy. Eventually the asymmetry becomes large
around δ ∼ 0.2 for the collision energy to be 14 TeV as shown in Fig. 5. The asymmetry
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becomes smaller for larger phases, which can be understood by kinematics as follows. As
shown in Fig. 6, when the phase is larger, the value of
√
sˆ where the parton-level asymmetry
becomes maximal gets smaller, and finally goes below the WZ threshold.
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FIG. 6: Parton-level asymmetry as a function of the center of mass energy
√
sˆ. The asymmetry is
shown for the case of δ = 0.1, 0.2, 0.3, pi/4 and pi/2, and the red dots represent the points at which
the asymmetry becomes maximally large for each δ.
In Fig. 5, the asymmetry also becomes smaller when the phase is getting smaller. This
behavior is reasonable because a smaller phase shift corresponds to a higher resonance scale
so that we cannot reach such an energy scale. We find that the asymmetry is most sensitive
to the case of δ ∼ 0.2 at LHC with the collision energy 14 TeV. When we extend the collision
energy to 30 TeV and 100 TeV, the sensitivity to a smaller phase increases, as shown by the
dashed and dotted curves in the figure.
Before closing this section, let us discuss the possibility to observe the phase shift in
this channel at future hadron collider experiments. As shown in Fig. 4, the non-vanishing
phase predicts larger cross section compared to the SM prediction. The asymmetry is
expected to be observed at future LHC experiments. For example, σ ' 0.037 pb with
the collision energy 14 TeV when δ ' 0.24 (and A± ' 0.015). In this case, the statistic
error is comparable to the value of the asymmetry with integrated luminosity 300 fb−1, and
thus more statistics is required. If we accumulate 3000 fb−1 at the high-luminosity phase
of future LHC experiment, the statistics is almost one order of magnitude improved, and
14
thus the phase shift can be observed. Furthermore, when we consider higher-energy collider
experiments such as collision energies 30 TeV and 100 TeV, the cross section get larger. In
the case of the collision energy 30 TeV, the cross section becomes σ ' 0.095 fb at δ ' 0.018
where the asymmetry is maximally large. Although the cross section with the collision
energy 30 TeV becomes large as compared to that with 14 TeV, the maximal asymmetry
decreases because A± is normalized by the cross section itself. Thus the higher luminosity is
also required in this case. The sensitivity to the asymmetry is not improved even in the case
of the collision energy 100 TeV. Therefore, in order to observe the asymmetry, the increasing
luminosity might be efficient rather than the increasing collision energy.
It should be noted that for the signal event pp→ WZ → lνll there are large background
events. However, since we see the asymmetry, it is not necessary to suppress the SM back-
ground after extracting the events. The efficiency of the event selection for pp→ WZ → lνll
is about 70% [30, 31]. Although this efficiency makes the statistic error larger, our naive
estimation is not largely affected by the background. An ingenious technique is also helpful
to probe the phase shift in this channel. For example, although we have studied only lep-
tonic decay of Z, larger cross sections can be achieved by taking hadronic decay modes into
account, where the asymmetry does not decrease since it is induced by the W decay.
Let us finally comment on the future e+e− collision experiments such as ILC in which more
precise measurement can be achieved. For example, the similar procedure can be applied
to e+e− → W+W− → l+νlu¯d so that information of the phase shift can be extracted from
the kinematics. It might also be possible to apply the same manner to the Higgs-strahlung
process. These cases will be studied elsewhere.
IV. FINGERPRINT IDENTIFICATION IN THE MCHMS
As discussed in the previous section, appearance of a new resonance with a relatively
broad width can be the first evidence of composite Higgs scenarios. However, there exists
a variety of MCHMs depending on matter representations so that as the second step we
have to narrow down the MCHMs to a class of specific models by experiments. One of
the promising strategies for this purpose is to fingerprint MCHMs by precisely measuring a
set of the Higgs boson couplings. The precision measurements at the high-luminosity LHC
as well as at future e+e− colliders will be able to provide a strong clue to understand the
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detail of the MCHMs. In this section, we demonstrate how to distinguish variations of the
MCHMs by patterns of the deviations from the SM predictions. In order to investigate
such deviations, we utilize scale factors defined by κa ≡ ga/gSMa , where ga denote the Higgs
boson couplings with the weak gauge bosons V (V = W,Z), matter fermions and the Higgs
boson itself such as a = hV V , hhh, htt and hbb. For some of them, we use simple forms as
κV ≡ κhV V , κt ≡ κhtt, and κb ≡ κhbb. We also discuss contact interactions such as hhV V ,
hhhh, hhtt¯ and hhbb¯, where we define their couplings as ghhV V , ghhhh, ghhtt and ghhbb. For
hhV V and hhhh, we use the parameters chhV V ≡ ghhV V /gSMhhV V and chhhh ≡ ghhhh/gSMhhhh.
Each MCHM basically predicts a specific pattern of deviations in these couplings, so that
we can distinguish models by detecting such a pattern by experiments.
As already shown in Sec. II, universal predictions for the scale factors of the Higgs cou-
plings to the gauge bosons are obtained as κV =
√
1− ξ and chhV V = 1−2ξ in the MCHMs.
It means that the compositeness parameter ξ is determined by the measurement of κV . We
can also test the consistency with the MCHMs by measuring the correlations among κV
and chhV V independent of the detail in matter sector of the MCHMs. For example, in the
minimal supersymmetric SM, κV is reduced by the mixing angle, but chhV V is always unity
regardless of the mixing angle. However, it could be challenging to precisely measure chhV V
even at future collider experiments and should be a task for future colliders [32].
On the other hand, the main contribution to the one-loop effective Higgs potential is
driven by the Yukawa coupling of matter fermions. Therefore, self-couplings of the Higgs
boson as well as the Higgs boson couplings to the matter fermions reflect the matter sector
of the MCHMs Lmattereff . The effective Lagrangian for the matter sector is determined by how
the SM matter fermions are embedded into the SO(5) representations. In the following,
we define various MCHMs according to the matter representations in order, and discuss
deviations in Higgs boson couplings.
First, we introduce the simplest model, so-called MCHM4. In this model, all the matter
fermions are embedded into four-dimensional representations Ψ
(4)
r (r = q, u, d) of SO(5) as
Ψ(4)q =
 qL
QL
 , Ψ(4)u =

quRuR
d′R

 , Ψ(4)d =

qdRu′R
dR

 . (17)
Here, qL = (uL, dL)
T , uR, and dR are SM quark SU(2)L doublet, right-handed up-type quark
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and right-handed down-type quark, respectively, and the other fields as QL, q
u
R, q
d
R, u
′
R, and
d′R are non-dynamical fields so that their contributions are negligible. The relevant matter
part of the effective Lagrangian is given by
Lmattereff =
∑
r=q,u,d
Ψ
(4)
r /p
[
Πr0(p) + Π
r
1(p)Γ
iΣi
]
Ψ(4)r +
∑
r=u,d
Ψ
(4)
q
[
M r0 (p) +M
r
1 (p)Γ
iΣi
]
Ψ(4)r , (18)
where Γi(i = 1, · · · , 5) are gamma matrices in five-dimensional representation of SO(5),
and M ’s are the form factors. The loop contributions of the matter fermion to the Higgs
potential is dominated by the top-quark loop, and it is evaluated in the MCHM4 as
V fermioneff ' −2NC
∫
d4p
(2pi)4
[
ln /pΠbL + ln(p
2ΠtRΠtL − Π2tLtR)
]
, (19)
where
ΠtL = ΠbL = Π
q
0 + Π
q
1 sin(h/f) , ΠtR = Π
u
0 − Πu1 cos(h/f) , ΠtLtR = Mu1 sin(h/f) , (20)
and NC = 3 is the colour number of QCD. Notice that this contribution V
fermion
eff depends on
the representation of the quark fields. From Eqs. (7) and (19), the effective potential given
in Eq. (6) can be rewritten as
Veff ' α cos(h/f)− β sin2(h/f) , (21)
where
α =2NC
∫
d4p
(2pi)4
(
Πu1
Πu0
− 2Π
q
1
Πq1
)
,
β =
∫
d4p
(2pi)4
(
2NC
|Mu1 |2
(−p2)(Πq0 + Πq1)(Πu0 − Πuq )
− 9
8
Π1
Π0
)
. (22)
By the contribution of V fermioneff , the SU(2)L×U(1)Y is broken at the minimum of the effective
potential Veff. Actually, the vacuum conditions given by,〈
∂Vh
∂h
〉
=
sin(〈h〉/f)
f
(α + β cos(〈h〉/f)) = 0 ,〈
∂2Vh
∂h2
〉
=
2β
f 2
(
1− α
2
4β2
)
= m2h > 0 , (23)
are satisfied with sin(〈h〉/f) = v/f 6= 0. The coupling constant for the triple Higgs boson
coupling is predicted as
λhhh ≡
〈
∂3Vh
∂h3
〉
=
3m2h
v
√
1− ξ . (24)
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Eq. (18) also leads to the mass terms of the third generation quarks and these interaction
terms with the Higgs boson as
Leff =M t1 sin(h/f)t¯t+M b1 sin(h/f)b¯b
=M t1
√
ξ
(
1 +
√
1− ξ hˆ
v
− 1
2
ξ
hˆ2
v2
+ · · ·
)
t¯t+M b1
√
ξ
(
1 +
√
1− ξ hˆ
v
− 1
2
ξ
hˆ2
v2
+ · · ·
)
b¯b
=mtt¯t+
mt
v
√
1− ξhˆt¯t− mt
2v2
ξhˆ2t¯t+mbb¯b+
mb
v
√
1− ξhˆb¯b− mb
2v2
ξhˆ2b¯b+ · · · , (25)
where mt and mb are the masses of the top quark and the bottom quark, respectively. It
provides us κt = κb =
√
1− ξ. For the contact interactions of two Higgs bosons and two
fermions, their coupling constants are given by ghhtt = −mtξ/(2v2) and ghhbb = −mbξ/(2v2)
in the MCHM4 model. We parametrize these couplings as chhtt ≡ ghhtt/(mt/(2v2)) and
chhbb ≡ ghhbb/(mb/(2v2)) in the following discussions.
Next, we consider variations of MCHMs. There are other representations of SO(5) into
which we can embedd the SM quark fields, such as one-, five-, ten- and fourteen-dimensional
representations and so on. In general, qL = (uL, dL), uR, and dR can be embedded into
individual representations. We already discussed one of the simplest model, MCHM4. An-
other simple model is the MCHM5 in which all the quark fields, uL, dL, uR and dR, are
embedded into the five-dimensional representations. The detail of the model is given in the
Appendix B. The factors κV and chhV V , in the MCHM5 are the same as those in the MCHM4.
On the other hand, the MCHM5 predicts different deviation patterns from the MCHM4 pre-
dictions for the factors κhhh, chhhh, κt, κb chhtt and chhbb. The MCHM4 and MCHM5 predict
(κhhh, chhhh, κt(b), chhtt(hhbb)) ' (1− 12ξ, 1− 73ξ, 1− 12ξ,−ξ) and (1− 32ξ, 1− 253 ξ, 1− 32ξ,−4ξ),
respectively. If these deviations can be measured prescisely enough, we can distinguish the
MCHM4 and the MCHM5.
Similarly, we can classify the MCHMs by the precision measurements of the deviation
patterns in the Higgs boson couplings. In order to demonstrate the classification of the
MCHMs, we consider several models with different representations of the quark fields. The
MCHMs discussed here and the predicted deviation patterns are listed in the Table I. The
effective Lagrangian for the matter sector and the Higgs potential in each models are shown
in the Appendix B. In the model named MCHMi-j-k, the quark fields qL = (uL, dL), uR,
dR are embedded into i-, j- and k-dimensional representations, respectively. In the case
of i = j = k, we simply write MCHMi instead of MCHMi-i-i. Patterns of scale factors in
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various models are partly studied in Ref. [33]. In this paper, we make more complete list of
the models6 and we add the predictions on the deviations for additional intereractions such
as hhV V , hhhh, hhtt, and hhbb. In the table, we use the functions defined in Ref. [33] as
F3 =
1√
1− ξ
3(1− 2ξ)M t1 + 2(4− 23ξ + 20ξ2)M t2
3M t1 + 2(4− 5ξ)M t2
,
F4 =
√
1− ξM
t
1 + 2(1− 3ξ)M t2
M t1 + 2(1− ξ)M t2
, F5 =
√
1− ξM
t
1 − (4− 15ξ)M t2
M t1 − (4− 5ξ)M t2
, (26)
where M t1 and M
t
2 are form factors in effective theories shown in the Appendix B, and they
cannot be determined within the framework of the low energy theories. We here additionally
introduce
F6 = −4ξ 3M
t
1 + (23− 40ξ)M t2
3M t1 + 2(4− 5ξ)M t2
, F7 = −ξM
t
1 + 2(7− 9ξ)M t2
M t1 + 2(1− ξ)M t2
,
F8 = −ξM
t
1 − (34− 45ξ)M t2
M t1 − (4− 5ξ)M t2
,
H1 = 1− 3ξ
2
− 5ξ
2
8
+
ξ3
3m2h
[
−21m
2
h
16
+
48γ
v2
]
,
H2 = 1− 25ξ
2
+ ξ2 +
ξ3
3m2h
[
3m2h +
288γ
v2
]
, (27)
where γ is one of the form factors defined in the Appendix B. In the models such that two
different form factors M t1 and M
t
2 contribute to the scale factor, we examine two typical
cases of M t1 → 0 or M t2 → 0 for simplicity. For the form factors H1 and H2, we take the
terms up to O(ξ2), and thus the contribution through the γ term in the potential Eq. (B6)
can be neglected because it is proportional to ξ3.
In Fig. 7, several scale factors are shown as a function of κV which is uniquely determined
by ξ. Upper-left panel of Fig. 7 is also shown in Ref. [34] for MCHM4 and MCHM5
7, and our
result is consistent with their one. As seen in the set of figures, we can basically discriminate
some models from the others by the correlations among scale factors. For instance, the
models {A, D, E, F, F’}, which are defined in Tab. I, can be separated from the other
models by κb. These four models are then classified into three sets as {A, E}, {D, F’} and
6 We cannot make a realistic model for some combinations of the matter representations. For example, in
the model MCHM5-1-10, the electroweak symmetry breaking cannot occur as shown in the Appendix B.
Therefore we don’t consider such a model in the analysis of the scale factors.
7 They also show the case of MCHM5-1-x (x is arbitrary) with additional fermionic resonances [35]. With-
out such resonances, the model cannot maintain electroweak symmetry breaking as is the case with
MCHM5-1-10 mentioned in Appendix B.
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F by measuring κt. The degeneracy between A and E can be solved by the measurement of
λhhh/λ
SM
hhh.
TABLE I: Scale factors for MCHMs with various matter representations. The labels are used in
Fig. 7, where C, H and I are the case of M t1 → 0, and C’, H’ and I’ are the case of M t2 → 0.
Label Model κV chhV V κhhh chhhh κt κb chhtt chhbb
A MCHM4
√
1− ξ 1− 2ξ √1− ξ 1− 73ξ
√
1− ξ √1− ξ −ξ −ξ
B MCHM5
√
1− ξ 1− 2ξ 1−2ξ√
1−ξ
1−28ξ/3+28ξ2/3
1−ξ
1−2ξ√
1−ξ
1−2ξ√
1−ξ −4ξ −4ξ
B MCHM10
√
1− ξ 1− 2ξ 1−2ξ√
1−ξ
1−28ξ/3+28ξ2/3
1−ξ
1−2ξ√
1−ξ
1−2ξ√
1−ξ −4ξ −4ξ
C, C’ MCHM14
√
1− ξ 1− 2ξ H1 H2 F3 1−2ξ√1−ξ F6 −4ξ
D MCHM5-5-10
√
1− ξ 1− 2ξ 1−2ξ√
1−ξ
1−28ξ/3+28ξ2/3
1−ξ
1−2ξ√
1−ξ
√
1− ξ −4ξ −ξ
E MCHM5-10-10
√
1− ξ 1− 2ξ 1−2ξ√
1−ξ
1−28ξ/3+28ξ2/3
1−ξ
√
1− ξ √1− ξ −ξ −ξ
F, F’ MCHM5-14-10
√
1− ξ 1− 2ξ H1 H2 F5
√
1− ξ F8 −ξ
G MCHM10-5-10
√
1− ξ 1− 2ξ 1−2ξ√
1−ξ
1−28ξ/3+28ξ2/3
1−ξ
√
1− ξ 1−2ξ√
1−ξ −ξ −4ξ
B MCHM10-14-10
√
1− ξ 1− 2ξ H1 H2 1−2ξ√1−ξ
1−2ξ√
1−ξ −4ξ −4ξ
B MCHM14-1-10
√
1− ξ 1− 2ξ 1−2ξ√
1−ξ
1−28ξ/3+28ξ2/3
1−ξ
1−2ξ√
1−ξ
1−2ξ√
1−ξ −4ξ −4ξ
H, H’ MCHM14-5-10
√
1− ξ 1− 2ξ H1 H2 F4 1−2ξ√1−ξ F7 −4ξ
B MCHM14-10-10
√
1− ξ 1− 2ξ H1 H2 1−2ξ√1−ξ
1−2ξ√
1−ξ −4ξ −4ξ
I, I’ MCHM14-14-10
√
1− ξ 1− 2ξ H1 H2 F3 1−2ξ√1−ξ F6 −4ξ
V. DISCUSSION
We here discuss the strategy to distinguish MCHM from the other models which are not
only the other MCHMs but also various alternative Higgs models such as the MSSM and
other extended Higgs sectors.
First, suppose a new resonance exists at mρ ∼ 3 TeV, the specific value of the phase shift
determines the compositeness parameter ξ and/or the width. When we observe δ ∼ 0.2
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FIG. 7: Correlations between scale factors. κV is universal for all MCHMs, and thus ξ-dependence
is the same.
by measuring A± at a future collider experiment, the compositeness parameter would be
determined as ξ ∼ 0.2 if the width is narrow enough. The scaling factors in MCHM4 and
MCHM5 are then predicted as (κhhh − 1, chhV V − 1) ∼ (−0.11,−0.4) and (−0.33,−0.4),
respectively. These deviations enhance the cross section of double Higgs boson production
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pp→ hhjj by the factor of 4.5 and 6, respectively [36]. Such enhancements can be measured
and thus can be discriminated at the high luminosity LHC. At the ILC, due to the deviation
of κhhh and chhV V , the cross section of e
+e− → νν¯hh for MCHM4 (MCHM5) is about 3.9 (5)
times larger than the SM prediction with the collision energy 1 TeV [36]. We expect that,
by this kind of analyses, each MCHM can be mostly discriminated from the others.
In models with extended Higgs sectors, the Higgs boson coupling constants can also be
modified the SM values due to the effect of field mixings. The MSSM is a good example
where the Higgs sector is composed of two doublet fields. The hV V coupling constant is
multiplied by the mixing factor sin(β−α), while the up-type (down-type) Yukawa coupling
is modified by cosα/ sin β (− sinα/ cos β), where α is the mixing angle between CP-odd
Higgs bosons and tan β is the ratio of vacuum expectation values of the two Higgs doublets.
Hence, in the SM-like region where sin(β − α) (= κV ) is slightly smaller than unity, κb > 1
and κt < 1 are predicted in the MSSM. Since both are less than unity in the MCHMs, the
MSSM and MCHMs can easily be separated.
In general two Higgs doublets models (2HDMs) with the softly broken discrete symmetry
for avoiding flavor changing neutral current, there are four types of Yukawa interactions; i.e.,
Type-I, Type-II, Type-X and Type-Y [37–40]. The Higgs sector of the MSSM is the Type-II
2HDM. For the other types of 2HDMs, similar argument can be used for the separation from
the MCHMs except for the Type-I and Type-X with cos(β − α) to be negative. In these
models, directions of the deviations in κb and κt are both negative. In order to discriminate
MCHMs from these models, we need to utilize the other coupling constants than the Yukawa
couplings, such as chhV V . In the MCHMs, we have chhV V = 1 − 2ξ which corresponds to
chhV V = 0.6 for ξ = 0.22, while chhV V is unchanged in the 2HDMs. Therefore, by measuring
the cross section of double Higgs boson production at the high luminosity LHC and the
ILC [32, 36, 41–50], we can separate MCHMs from all the type of the 2HDMs as long as the
deviation in κV is not too small.
Finally, we mention the possibility of discriminating MCHMs from the Higgs sector with
an additional singlet, where κV , κt and κb are reduced with the same factor cos θ where θ
is the mixing angle between the SM Higgs field and the singlet field [51–55]. There is no
difference in direction of the deviations in MCHMs. However, in the model with the singlet,
the reduction patterns of chhV V and κhhh are different from those in MCHMs. Therefore, we
may be able to discriminate MCHMs from the model with the singlet if the double Higgs
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boson production can be measured accurately enough [56, 57].
In conclusion, the double Higgs boson production might be another pathway to answer
the question; is the Higgs boson elementary or composite?
Up to now, we did not take into account the use of the appearance of higher dimensional
operators such as hhtt and hhbb. They can also affect the double Higgs boson production
via gluon fusion. At the LHC and future hadron colliders, the dominant contribution is the
gluon fusion process, which is induced by top-quark loop at leading order8. Therefore, the
cross section is sensitive to not only κhhh but also chhtt. In particular, the latter is important
in pp→ tt¯hh as well, which will be a crucial target at future hadron collider experiments [58].
We shall examine this point as our next task.
VI. SUMMARY
In this paper, we have discussed two complementary approaches to investigate composite
nature of the Higgs boson in MCHMs. These two approaches can lead an answer to the big
question; is the Higgs boson composite or elementary?
The first step which we have discussed is to extract information of the new resonance
scale from the possible phase shift in longitudinally polarized vector boson pair production at
hadron collider experiments. According to the analogy with pion-pion scattering processes,
a sizable phase shift can be predicted to restore perturbative unitarity at high energies. We
have evaluated the new resonance scale by utilizing violation of perturbative unitarity, where
we apply the fitting function used in the elastic pion-pion scattering to the phase shift in the
present process. We have also discussed the possibility that the phase shift can be measured
by the asymmetry A± at the LHC and future hadron colliders. The result is independent of
the detail of composite models.
On the other hand, if we assume the ”obsereved” composite model as one of the MCHMs,
we need to go another approach to narrow down to a class of more specific models by
experiments. We have discussed the deviation patterns of the Higgs boson coupling constants
as one of the ways to classify the types of the MCHMs. We have also made a comprehensive
list of the deviation patterns in a wide class of MCHMs. We have found that the detailed
8 The vector boson fusion and the Higgs-strahlung processes also exist at hadron colliders. However, the
cross section of pp→ jjhh is about 10 times smaller than the gluon fusion process in the SM.
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study by using the deviation pattern can be an important alternative approach for proving
the question whether the Higgs boson is a composite state or not. Furthermore, it can be
essentially important to distinguish a specific MCHM from the other new physics models.
We conclude that these two complementary approaches are very useful to explore the
Higgs boson compositeness in future collider experiments.
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Appendix A: Kinematics
We give the explicit kinematics of the decay product, which is sketched in Ref. [15]. The
process considered here is WZ pair production by ud¯ scattering, and they decay purely
leptonic: u(pu)d¯(pd) → W+(pW )Z(pZ) → νl(pν)l+(pl1)l−(pl2)l+(pl3). Regarding u and d¯
as massless, they only appear as left-handed state in this process. Here we assign their
momenta as follows:
u : pu =
√
S/2 (1,− sin Θ, 0, cos Θ), (A1)
d¯ : pd =
√
S/2 (1, sin Θ, 0,− cos Θ), (A2)
W+ : pW = (EW , 0, 0, pV ), (A3)
Z : pZ = (EZ , 0, 0,−pV ), (A4)
νl : pν =
√
E2W − q2V /2 (1, sin θ1 cosφ1, sin θ1 sinφ1, cos θ1), (A5)
l+ : pl1 =
√
E2W − q2V /2 (1,− sin θ1 cosφ1,− sin θ1 sinφ1,− cos θ1), (A6)
l− : pl2 =
√
E2Z − q2V /2 (1, sin θ2 cosφ2, sin θ2 sinφ2, cos θ2), (A7)
l+ : pl3 =
√
E2Z − q2V /2 (1,− sin θ2 cosφ2,− sin θ2 sinφ2,− cos θ2), (A8)
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where we define z-axis along to the W -boson momentum direction, and Θ is the angle
between ~pu and ~pW . The phase space of the final state leptons depends on two polar decay
angles (θ1, θ2) and two azimuthal decay angles (φ1, φ2) from the production plane defined
by nˆ ∼ ~pu × ~pW . Therefore, A± defined in Eq. (15) represents the asymmetry between the
events that the charged lepton goes to ”above” or ”below” the production plane.
Appendix B: Variations of the MCHMs
Here we list the matter sector of the effective Lagrangian and the Higgs potential in the
models which we considered in this paper (see also Ref. [33] excepting for MCHM14). In
the MCHMs, the breaking pattern of the global symmetry is fixed as SO(5) × U(1)X →
SO(4)×U(1)X . Therefore the representations in which the SM fermions are embedded can
be decomposed under SO(4)× U(1)X ' SU(2)L × SU(2)R × U(1)X , as
5X ∼(2,2)X ⊕ (1,1)X ,
10X ∼(3,1)X ⊕ (1,3)X ⊕ (2,2)X , (B1)
14X ∼(3, 3¯)X ⊕ (2,2)X ⊕ (1,1)X ,
where the X in the subscript denotes the charge for U(1)X .
1. MCHM5
All the quark fields are embedded into 5-representation. We focus on the third gener-
ation quarks in the following. The quantum charges for tL,R, and bL,R under SU(2)L ×
SU(2)R × U(1)X are assigned as tL ∼ (1/2,−1/2)2/3, bL ∼ (−1/2,−1/2)2/3, tR ∼ (0, 0)2/3,
and bR ∼ (0, 0)−1/3. In the bracket, we write the quantum numbers corresponding to
(SU(2)L, SU(2)R)U(1)X . The matter sector of the effective Lagrangian is
Lmattereff =
∑
r=tL,tR,bL,bR
Ψ
(5)
r
[
/pΠ
r
0 + Σ
†
/pΠ
r
1Σ
]
Ψ(5)r
+ Ψ
(5)
tL
[
M t0 + Σ
†M t1Σ
]
Ψ
(5)
tR
+ Ψ
(5)
bL
[
M b0 + Σ
†M b1Σ
]
Ψ
(5)
bR
+ h.c. . (B2)
The effective Higgs potential takes the form as
Vh ' α cos2(h/f) + β cos2(h/f) sin2(h/f) . (B3)
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2. MCHM10
All the quark fields are embedded into 10-representation. The quantum charges for
tL,R, and bL,R under SU(2)L × SU(2)R × U(1)X are assigned as tL ∼ (1/2,−1/2)2/3, bL ∼
(−1/2,−1/2)2/3, tR ∼ (0, 0)2/3, and bR ∼ (0,−1)2/3. The matter sector of the effective
Lagrangian is
Lmattereff =
∑
r=qL,tR,bR
[
Ψ
(10)
r /pΠ
r
0Ψ
(10)
r + (ΣΨ
(10)
r )/pΠ
r
1(Ψ
(10)
r Σ
†)
]
+ Ψ
(10)
qL
M t0Ψ
(10)
tR
+ (ΣΨ
(10)
qL
)M t1(Ψ
(10)
tR
Σ†)
+ Ψ
(10)
qL
M b0Ψ
(10)
bR
+ (ΣΨ
(10)
qL
)M b1(Ψ
(10)
bR
Σ†) + h.c. . (B4)
The effective Higgs potential takes the same form as one given in Eq. (B3).
3. MCHM14
All the quark fields are embedded into 14-representation. The quantum charges for
tL,R, and bL,R under SU(2)L × SU(2)R × U(1)X are assigned as tL ∼ (1/2,−1/2)2/3, bL ∼
(−1/2,−1/2)2/3, tR ∼ (0, 0)2/3, and bR ∼ (0,−1)2/3. The matter sector of the effective
Lagrangian is
Lmattereff =
∑
r=qL,tR,bR
[
Ψ
(14)
r /pΠ
r
0Ψ
(14)
r + (ΣΨ
(14)
r )/pΠ
r
1(Ψ
(14)
r Σ
†) + (ΣΨ
(14)
r Σ
†)/pΠr2(ΣΨ
(14)
r Σ
†)
]
+ Ψ
(14)
qL
M t0Ψ
(14)
tR
+ (ΣΨ
(14)
qL
)M t1(Ψ
(14)
tR
Σ†) + (ΣΨ
(14)
qL
Σ†)M t2(ΣΨ
(14)
tR
Σ†)
+ Ψ
(14)
qL
M b0Ψ
(14)
bR
+ (ΣΨ
(14)
qL
)M b1(Ψ
(14)
bR
Σ†) + (ΣΨ
(14)
qL
Σ†)M b2(ΣΨ
(14)
bR
Σ†) + h.c. . (B5)
The effective Higgs potential takes the form as
Vh ' α sin2(h/f) + β sin4(h/f) + γ sin6(h/f) . (B6)
4. MCHM5-1-10
The quantum charges for tL,R, and bL,R under SU(2)L×SU(2)R×U(1)X are assigned as
tL ∼ (1/2,−1/2)2/3, bL ∼ (−1/2,−1/2)2/3, tR ∼ (0, 0)2/3, and bR ∼ (0,−1)2/3. The matter
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sector of the effective Lagrangian is
Lmattereff =Ψ(5)qL /pΠqL0 Ψ(5)qL + (Ψ
(5)
qL
Σ†)/pΠ
qL
1 (ΣΨ
(5)
qL
)
+ Ψ
(1)
tR /pΠ
tR
0 Ψ
(1)
tR
+ Ψ
(10)
bR /pΠ
bR
0 Ψ
(10)
bR
+ (ΣΨ
(10)
bR
)/pΠ
bR
1 (Ψ
(10)
bR
Σ†)
+ (Ψ
(5)
qL
Σ†)M t1Ψ
(1)
tR
+ Ψ
(5)
qL
M b1(Ψ
(10)
bR
Σ†) + h.c. . (B7)
The effective Higgs potential takes the form as
Vh ' −β sin2(h/f) . (B8)
However, the electroweak symmetry breaking cannot occur with this potential and this
model is not a realistic model.
5. MCHM5-5-10
The quantum charges for tL,R, and bL,R under SU(2)L×SU(2)R×U(1)X are assigned as
tL ∼ (1/2,−1/2)2/3, bL ∼ (−1/2,−1/2)2/3, tR ∼ (0, 0)2/3, and bR ∼ (0,−1)2/3. The matter
sector of the effective Lagrangian is
Lmattereff =Ψ(5)qL /pΠqL0 Ψ(5)qL + (Ψ
(5)
qL
Σ†)/pΠ
qL
1 (ΣΨ
(5)
qL
)
+ Ψ
(5)
tR /pΠ
tR
0 Ψ
(5)
tR
+ (Ψ
(5)
tR
Σ†)/pΠ
tR
1 (ΣΨ
(5)
tR
)
+ Ψ
(10)
bR /pΠ
bR
0 Ψ
(10)
bR
+ (ΣΨ
(10)
bR
)/pΠ
bR
1 (Ψ
(10)
bR
Σ†)
+ Ψ
(5)
qL
M t0Ψ
(5)
tR
+ (Ψ
(5)
qL
Σ†)M t1(ΣΨ
(5)
tR
) + Ψ
(5)
qL
M b1(Ψ
(10)
bR
Σ†) + h.c. . (B9)
The effective Higgs potential takes the same form as one given in Eq. (B3).
6. MCHM5-10-10
The quantum charges for tL,R, and bL,R under SU(2)L×SU(2)R×U(1)X are assigned as
tL ∼ (1/2,−1/2)2/3, bL ∼ (−1/2,−1/2)2/3, tR ∼ (0, 0)2/3, and bR ∼ (0,−1)2/3. The matter
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sector of the effective Lagrangian is
Lmattereff =Ψ(5)qL /pΠqL0 Ψ(5)qL + (Ψ
(5)
qL
Σ†)/pΠ
qL
1 (ΣΨ
(5)
qL
)
+ Ψ
(10)
tR /pΠ
tR
0 Ψ
(10)
tR
+ (ΣΨ
(10)
tR
)/pΠ
tR
1 (Ψ
(10)
tR
Σ†)
+ Ψ
(10)
bR /pΠ
bR
0 Ψ
(10)
bR
+ (ΣΨ
(10)
bR
)/pΠ
bR
1 (Ψ
(10)
bR
Σ†)
+ Ψ
(5)
qL
M t1(Ψ
(10)
tR
Σ†) + Ψ
(5)
qL
M b1(Ψ
(10)
bR
Σ†) + h.c. . (B10)
The effective Higgs potential takes the same form as one given in Eq. (B3).
7. MCHM5-14-10
The quantum charges for tL,R, and bL,R under SU(2)L×SU(2)R×U(1)X are assigned as
tL ∼ (1/2,−1/2)2/3, bL ∼ (−1/2,−1/2)2/3, tR ∼ (0, 0)2/3, and bR ∼ (0,−1)2/3. The matter
sector of the effective Lagrangian is
Lmattereff =Ψ(5)qL /pΠqL0 Ψ(5)qL + (Ψ
(5)
qL
Σ†)/pΠ
qL
1 (ΣΨ
(5)
qL
)
+ Ψ
(14)
tR /pΠ
tR
0 Ψ
(14)
tR
+ (ΣΨ
(14)
tR
)/pΠ
tR
1 (Ψ
(14)
tR
Σ†) + (ΣΨ
(14)
tR
Σ†)/pΠ
tR
2 (ΣΨ
(14)
tR
Σ†)
+ Ψ
(10)
bR /pΠ
bR
0 Ψ
(10)
bR
+ (ΣΨ
(10)
bR
)/pΠ
bR
1 (Ψ
(10)
bR
Σ†)
+ Ψ
(5)
qL
M t1(Ψ
(14)
tR
Σ†) + (Ψ
(5)
qL
Σ†)M t2(ΣΨ
(14)
tR
Σ†) + Ψ
(5)
qL
M b1(Ψ
(10)
bR
Σ†) + h.c. . (B11)
The effective Higgs potential takes the same form as one given in Eq. (B6).
8. MCHM10-5-10
The quantum charges for tL,R, and bL,R under SU(2)L×SU(2)R×U(1)X are assigned as
tL ∼ (1/2,−1/2)2/3, bL ∼ (−1/2,−1/2)2/3, tR ∼ (0, 0)2/3, and bR ∼ (0,−1)2/3. The matter
sector of the effective Lagrangian is
Lmattereff =Ψ(10)qL /pΠqL0 Ψ(10)qL + (ΣΨ
(10)
qL
)/pΠ
qL
1 (Ψ
(10)
qL
Σ†)
+ Ψ
(5)
tR /pΠ
tR
0 Ψ
(5)
tR
+ (Ψ
(5)
tR
Σ†)/pΠ
tR
1 (ΣΨ
(5)
tR
)
+ Ψ
(10)
bR /pΠ
bR
0 Ψ
(10)
bR
+ (ΣΨ
(10)
bR
)/pΠ
bR
1 (Ψ
(10)
bR
Σ†)
+ (ΣΨ
(10)
qL
)M t1Ψ
(5)
tR
+ Ψ
(10)
qL
M b0Ψ
(10)
bR
+ (ΣΨ
(10)
qL
)M b1(Ψ
(10)
bR
Σ†) + h.c. . (B12)
The effective Higgs potential takes the same form as one given in Eq. (B3).
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9. MCHM10-14-10
The quantum charges for tL,R, and bL,R under SU(2)L×SU(2)R×U(1)X are assigned as
tL ∼ (1/2,−1/2)2/3, bL ∼ (−1/2,−1/2)2/3, tR ∼ (0, 0)2/3, and bR ∼ (0,−1)2/3. The matter
sector of the effective Lagrangian is
Lmattereff =Ψ(10)qL /pΠqL0 Ψ(10)qL + (ΣΨ
(10)
qL
)/pΠ
qL
1 (Ψ
(10)
qL
Σ†)
+ Ψ
(14)
tR /pΠ
tR
0 Ψ
(14)
tR
+ (ΣΨ
(14)
tR
)/pΠ
tR
1 (Ψ
(14)
tR
Σ†) + (ΣΨ
(14)
tR
Σ†)/pΠ
tR
2 (ΣΨ
(14)
tR
Σ†)
+ Ψ
(10)
bR /pΠ
bR
0 Ψ
(10)
bR
+ (ΣΨ
(10)
bR
)/pΠ
bR
1 (Ψ
(10)
bR
Σ†)
+ (ΣΨ
(10)
qL
)M t1(Ψ
(14)
tR
Σ†) + (ΣΨ
(10)
qL
)M b1(Ψ
(10)
bR
Σ†) + h.c. . (B13)
The effective Higgs potential takes the same form as one given in Eq. (B6).
10. MCHM14-1-10
The quantum charges for tL,R, and bL,R under SU(2)L×SU(2)R×U(1)X are assigned as
tL ∼ (1/2,−1/2)2/3, bL ∼ (−1/2,−1/2)2/3, tR ∼ (0, 0)2/3, and bR ∼ (0,−1)2/3. The matter
sector of the effective Lagrangian is
Lmattereff =Ψ(14)qL /pΠqL0 Ψ(14)qL + (ΣΨ
(14)
qL
)/pΠ
qL
1 (Ψ
(14)
qL
Σ†) + (ΣΨ
(14)
qL
Σ†)/pΠ
qL
2 (ΣΨ
(14)
qL
Σ†)
+ Ψ
(1)
tR /pΠ
tR
0 Ψ
(1)
tR
+ Ψ
(10)
bR /pΠ
bR
0 Ψ
(10)
bR
+ (ΣΨ
(10)
bR
)/pΠ
bR
1 (Ψ
(10)
bR
Σ†)
+ (ΣΨ
(14)
qL
Σ†)M t2Ψ
(1)
tR
+ (ΣΨ
(14)
qL
)M b1(Ψ
(10)
bR
Σ†) + h.c. . (B14)
The effective Higgs potential takes the same form as one given in Eq. (B3).
11. MCHM14-5-10
The quantum charges for tL,R, and bL,R under SU(2)L×SU(2)R×U(1)X are assigned as
tL ∼ (1/2,−1/2)2/3, bL ∼ (−1/2,−1/2)2/3, tR ∼ (0, 0)2/3, and bR ∼ (0,−1)2/3. The matter
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sector of the effective Lagrangian is
Lmattereff =Ψ(14)qL /pΠqL0 Ψ(14)qL + (ΣΨ
(14)
qL
)/pΠ
qL
1 (Ψ
(14)
qL
Σ†) + (ΣΨ
(14)
qL
Σ†)/pΠ
qL
2 (ΣΨ
(14)
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+ Ψ
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tR
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tR
1 (ΣΨ
(5)
tR
)
+ Ψ
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bR /pΠ
bR
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(10)
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)/pΠ
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(14)
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(5)
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(14)
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(5)
tR
) + (ΣΨ
(14)
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)M b1(Ψ
(10)
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Σ†) + h.c. . (B15)
The effective Higgs potential takes the same form as one given in Eq. (B6).
12. MCHM14-10-10
The quantum charges for tL,R, and bL,R under SU(2)L×SU(2)R×U(1)X are assigned as
tL ∼ (1/2,−1/2)2/3, bL ∼ (−1/2,−1/2)2/3, tR ∼ (0, 0)2/3, and bR ∼ (0,−1)2/3. The matter
sector of the effective Lagrangian is
Lmattereff =Ψ(14)qL /pΠqL0 Ψ(14)qL + (ΣΨ
(14)
qL
)/pΠ
qL
1 (Ψ
(14)
qL
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(14)
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Σ†) + h.c. . (B16)
The effective Higgs potential takes the same form as one given in Eq. (B6).
13. MCHM14-14-10
The quantum charges for tL,R, and bL,R under SU(2)L×SU(2)R×U(1)X are assigned as
tL ∼ (1/2,−1/2)2/3, bL ∼ (−1/2,−1/2)2/3, tR ∼ (0, 0)2/3, and bR ∼ (0,−1)2/3. The matter
sector of the effective Lagrangian is
Lmattereff =Ψ(14)qL /pΠqL0 Ψ(14)qL + (ΣΨ
(14)
qL
)/pΠ
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(14)
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Σ†) + h.c. . (B17)
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The effective Higgs potential takes the same form as one given in Eq. (B6).
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